The groundwater contaminant 1,4-dioxane (dioxane) is transformed by several monooxygenase-expressing microorganisms, but only a few of these, including Pseudonocardia dioxanivorans strain CB1190, can metabolize the compound as a sole carbon and energy source. However, nothing is yet known about the genetic basis of dioxane metabolism. In this study, we used a microarray to study differential expression of genes in strain CB1190 grown on dioxane, glycolate (a previously identified intermediate of dioxane degradation), or pyruvate. Of eight multicomponent monooxygenase gene clusters carried by the strain CB1190 genome, only the monooxygenase gene cluster located on plasmid pPSED02 was upregulated with dioxane relative to pyruvate. Plasmid-borne genes for putative aldehyde dehydrogenases, an aldehyde reductase, and an alcohol oxidoreductase were also induced during growth with dioxane. With both dioxane and glycolate, a chromosomal gene cluster encoding a putative glycolate oxidase was upregulated, as were chromosomal genes related to glyoxylate metabolism through the glyoxylate carboligase pathway. Glyoxylate carboligase activity in cell extracts from cells pregrown with dioxane and in Rhodococcus jostii strain RHA1 cells expressing the putative strain CB1190 glyoxylate carboligase gene further demonstrated the role of glyoxylate metabolism in the degradation of dioxane. Finally, we used 13 C-labeled dioxane amino acid isotopomer analysis to provide additional evidence that metabolites of dioxane enter central metabolism as three-carbon compounds, likely as phosphoglycerate. The routing of dioxane metabolites via the glyoxylate carboligase pathway helps to explain how dioxane is metabolized as a sole carbon and energy source for strain CB1190.
T he cyclic ether 1,4-dioxane (dioxane) is a contaminant with an increasingly recognized wide environmental distribution (56) . Dioxane is highly soluble in water and thus is easily transported in groundwater systems from point source contamination (56) . Although the long-term effects of dioxane exposure on human health are not well understood, animal studies indicate that the compound is a potential carcinogen (42) . Consequently, dioxane contamination has become the focus of remediation research, and microbial systems capable of dioxane degradation have been investigated (56) . The degradation of dioxane under cometabolic conditions (where other substrates provide carbon and energy for growth) appears to be somewhat common (9, 23, 27, 41, 43, 48) , but an increasing number of microorganisms have also been identified that can use dioxane as a sole source of carbon and energy (5, 15, 23, 27, 30) .
Initial investigations of biological dioxane transformation were performed as part of toxicological studies, which identified hydroxyethoxyacetic acid (HEAA) and 1,4-dioxane-2-one as the major metabolites in humans (55) and rats (52) , respectively. Recently, the pathways of dioxane biotransformation have been studied in a number of metabolizing and cometabolizing bacteria and fungi in an attempt to understand the fate of environmentally released dioxane. A common feature of dioxane transformation is the initial hydroxylation of the dioxane ring by monooxygenase enzyme systems (23, 41, 48) , which is similar to the findings of the toxicological studies. The hydroxylated metabolite then undergoes uncharacterized biotic or abiotic processing, leading to an opening of the ring structure. Researchers have used a number of techniques to detect posthydroxylation metabolites in order to elucidate the dioxane catabolic pathway. In the dioxane-cometabolizing fungus Cordyceps sinensis, deuterated dioxane-d 8 and gas chromatography-mass spectrometry (GC-MS) analysis were used to identify ethylene glycol, glycolic acid, and oxalic acid as metabolites (27) . In Mycobacterium sp. strain PH-06, which grows using dioxane, deuterated dioxane and GC-MS analysis detected only two metabolites, 1,4-dioxane-2-ol and ethylene glycol (15) . Meanwhile, 2-hydroxyethoxyacetic acid (2HEAA) was the sole metabolite detected with 14 C-labeled dioxane in the cometabolizing bacterium Pseudonocardia strain ENV478 (48) .
A more comprehensive analysis of dioxane metabolites was recently performed with the dioxane-metabolizing Pseudonocardia dioxanivorans strain CB1190 (designated strain CB1190) (24) . By analyzing metabolites with Fourier transform ion cyclotron resonance mass spectrometry and tandem MS (MS/MS) and by tracking distribution of 14 C-labeled dioxane metabolites, the previously identified metabolites were confirmed, and 2-hydroxyethoxyacetaldehyde, 1,2-dihydroxyethoxyacetic acid, 2-hydroxyethoxy-2-hydroxyacetic acid, glycoaldehyde, glyoxylic acid, and CO 2 were also identified as dioxane metabolites (24) . Based on these findings, a dioxane biodegradation pathway was proposed ( Fig. 1, black arrows) , whereby all metabolites feed through oxalic acid into central metabolism (24) .
These studies have improved our understanding of the fate of dioxane during microbial biodegradation, but there is a knowledge gap in terms of the biochemical and genetic bases for this pathway. While monooxygenase enzymes have been implicated in the initial activation of the dioxane ring, the further steps in dioxane metabolism have not been explored. In particular, the mechanism for incorporation of dioxane metabolites into biomass in microorganisms that can grow with dioxane as the sole carbon and energy source is unknown. In this work we used the recently determined genome of P. dioxanivorans strain CB1190 (38) to investigate how dioxane is assimilated into biomass to support growth. We present evidence highlighting the unique role of glyoxylate in bacterial dioxane metabolism.
MATERIALS AND METHODS
Culture growth. Strain CB1190 was cultivated in ammonium mineral salts (AMS) medium (30) . Replicate 250-ml screw-cap bottles were prepared with 50 ml of AMS medium and were amended with the appropriate carbon source. These were then inoculated with 0.1 ml (1/500 dilution) of stationary-phase dioxane-grown strain CB1190 culture and incubated at 30°C with shaking at 150 rpm. Sterile (uninoculated) controls were prepared in parallel. Bottles were amended with dioxane (4.7 mM final aqueous concentration), glycolate (2 mM), or pyruvate (45 mM). Dioxane and glycolate were used at low concentrations to avoid toxicity (data not shown). Glycolate was chosen since, of the known dioxane degradation intermediates, it best supported strain CB1190 growth. Glycolate bottles were neutralized with NaOH and were reamended with a second dose of glycolate after the first dose was consumed.
Cell harvesting and RNA extraction for transcription studies. Strain CB1190 grows as clumps on the liquid surface, so standard optical density (OD) readings cannot be used to determine growth phase. Therefore, in order to generate highly active cultures, cells were harvested when approximately half of the added substrate had been consumed. For glycolategrown cells, cell harvesting occurred 1 day after the second substrate amendment. Cells from replicate bottles were collected by filtration onto triplicate 0.45-m-pore-size cellulose ester filters (Gelman Sciences, Ann Arbor, MI), scraped from the filters with a sterile scalpel, and transferred to 2-ml screw-top microcentrifuge tubes containing 1 g of 100-m-diameter zirconia-silica beads (Biospec Products, Bartlesville, OK). Cells on each filter were collected from one, five, and six bottles, respectively, for pyruvate, dioxane, and glycolate treatments. Harvested cells were stored at Ϫ80°C until RNA extraction.
Nucleic acids were extracted using a modified version of the phenol method described previously (14) . Briefly, each 2-ml microcentrifuge tube containing cells and zirconia-silica beads was filled with 250 l of lysis buffer (50 mM sodium acetate, 10 mM EDTA [pH 5.1]), 100 l of 10% sodium dodecyl sulfate, and 1.0 ml of phenol (pH 8; Sigma-Aldrich, St. Louis, MO). Cells were lysed by heating samples to 65°C for 2 min, followed by bead beating with a Mini Bead Beater (Biospec Products) for 2 min, incubation at 65°C for 8 min, and bead beating for an additional 2 min. Cellular debris was collected by centrifugation (5 min at 14,000 ϫ g), and the aqueous lysate was transferred to a new microcentrifuge tube. The lysate was extracted twice with 1 volume of phenol-chloroform-isoamyl alcohol (pH 8) (24:24:1, vol/vol) and once with 1 volume of chloroformisoamyl alcohol (24:1, vol/vol) (Sigma-Aldrich). Nucleic acids were precipitated by adding 0.1 volume of 3 M sodium acetate and 1 volume of ice-cold isopropanol and storing the tube at Ϫ20°C overnight. The precipitate was collected by centrifugation (30 min at 21,000 ϫ g at 4°C), washed once with 70% ethanol, and resuspended in 100 l of nucleasefree water.
To obtain RNA, resuspended nucleic acids were initially separated with an Allprep kit (Qiagen), and then the RNA was purified using an RNeasy kit (Qiagen). Following elution with 100 l of RNase-free water, any contaminating DNA was removed by two successive DNase I treatments using a DNA-free kit (Ambion, Austin, TX) according to the manufacturer's instructions. Pure RNA was obtained with a final cleanup with an RNeasy kit. RNA yields ranged from 6.3 to 24.8 g per microcentrifuge tube of harvested cells.
Microarray design and analyses. A draft version of the strain CB1190 genome was obtained from the Joint Genome Institute and consisted of 6,896 protein-encoding sequences in 226 contigs. These were submitted to Affymetrix (Santa Clara, CA) for custom chip design. The final design consisted of a set of perfect-match-only 25-mer probes, with each sequence targeted by 11 to 13 probes, and also included a standard set of Affymetrix controls for prokaryotic gene expression microarrays. Subsequent to microarray production, a finished genome sequence for strain CB1190 was made available (38) . The microarray probes were reannotated to reflect the finished genome sequence. Reannotated microarray probe sets targeted 6,391 (approximately 94%) of the coding sequences in the finished genome.
Five micrograms of total RNA was used as starting material for each microarray analysis. Triplicate microarrays were processed for each substrate treatment. cDNA was synthesized, fragmented, labeled, and hybridized to arrays according to the protocols outlined in section 3 of the Affymetrix GeneChip Expression Analysis technical manual (1), with the following changes: cDNA fragmentation was achieved by the addition of 0.07 U of DNase I/g of cDNA, and the hybridization temperature was 52°C. Hybridized arrays were stained and washed according to the Affymetrix modified FlexMidi_euk2v3_450 fluidics protocol for the P. aeruginosa array and were scanned using an Affymetrix GeneChip Scanner 3000.
Microarray data were first processed with the RMAExpress software program (6) to compute gene expression summary values. Background adjustment and quantile normalization were performed across all microarrays. The average normalized expression ratio (dioxane or glycolate treatment/pyruvate control) was calculated for each gene. Ratios were considered significant if they were Ͼ2.0 or Ͻ0.5 and Student's t test indicated a P value (two-tailed) of Ͻ0.05.
Quantitative reverse transcription-PCR (qRT-PCR).
To verify microarray data, the relative transcription levels of 17 genes in the dioxane and glycolate treatments were compared with the pyruvate treatment. cDNA was synthesized from 500 ng of RNA using a TaqMan reverse transcription kit (Applied Biosystems, Foster City, CA) with random hexamers in 15-l reaction mixtures according the manufacturer's protocol. cDNA was diluted 100-fold, and 2 l was used in each subsequent quantitative PCR (qPCRs). All qPCRs were performed in triplicate with an Applied Biosystems StepOne Plus real-time PCR system. For most genes, SYBR green chemistry was used, and each 20-l reaction mixture consisted of 1ϫ Fast SYBR green master mix, 2 l of diluted cDNA, and each primer at 0.5 mM. The PCR cycling conditions were as follows: 95°C for 20 s and then 40 cycles of 95°C for 3 s and annealing for 30 s, followed by melting curve analysis. The genes tpi, thiC, and rpoD were determined by the geNorm method (50) to be stably transcribed across all treatments and were thus used as internal references. TaqMan chemistry was used for these genes, and each qPCR mixture consisted of 1ϫ Fast Universal Mix (Applied Biosystems), 2 l of diluted cDNA, each primer at 0.5 mM, and the probe at 145 nM. The cycling conditions were as follows: 95°C for 20 s and then 40 cycles of 95°C for 1 s and annealing for 20 s. The primer sequences and dye and quencher chemistry for each probe are listed in Table S1 in the supplemental material. The efficiency of each qPCR assay was determined with a serial dilution of cDNA derived from a dioxane treatment replicate. Gene expression was normalized using the method of Vandesompele et al. (50) .
Cloning and expression of strain CB1190 genes. Strain CB1190 genes Psed_3889 and Psed_3890 were PCR amplified and ligated into linearized Rhodococcus expression plasmid pTip-QC2 (28) using the hetero-stagger cloning method (22) . Rhodococcus jostii strain RHA1 was transformed with pTip-Psed_3889, pTip-Psed_3890, or pTip-QC2, and then expression of the inserted gene was induced by the addition of thiostrepton to the culture medium. Details of gene cloning and protein expression are presented in the supplemental material. Cell extracts from strain RHA1/ pTip cells were prepared as described below for strain CB1190 cells.
Glyoxylate carboligase assay. Strain CB1190 cells grown with either pyruvate or dioxane were harvested by filtration, and scraped cells were stored at Ϫ80°C. Cell extracts were prepared by resuspending the cells in 1 ml of sodium phosphate buffer (10 mM, pH 7.0), adding 1 g of 100-mdiameter zirconia-silica beads, and bead beating for four cycles of 1 min, with cooling on ice for 1 min between cycles. Cell debris was collected by centrifugation for 10 min at 21, 000 ϫ g at 4°C, and the supernatant (cell extract) was aliquoted and stored at Ϫ80°C until use. Protein was determined by the method of Bradford (8) .
Glyoxylate carboligase activity was tested using the linked glyoxylate carboligase/tartronate semialdehyde reductase assay described by Cusa et al. (11) . Briefly, 2-ml reaction mixtures, containing 100 mM sodium phosphate (pH 8.0), 5 mM MgCl 2 , 0.28 mM NADH, 0.5 mM thiamine pyrophosphate, and 200 g of protein from cell extracts, were prepared in triplicate in 33-ml screw-top glass vials with Mininert caps. The headspace was purged for 5 min with N 2 , glyoxylate was added to 10 mM, and vials were incubated with shaking at 30°C for 16 h. Reactions were stopped, and CO 2 was liberated by the addition of 0.2 ml of 10 N sulfuric acid and shaking for 15 min. CO 2 was analyzed by gas chromatography-pulsed discharge detection (GC-PDD), and glyoxylate was analyzed by high-performance liquid chromatography (HPLC).
For assays with cell extracts from strain RHA1 carrying pTip plasmid constructs, the assay vials were prepared as above for the following treatments: (i) pTip-Psed_3889, 8 g of protein; (ii) pTip-Psed_3890, 7 g of protein; (iii) pTip-Psed_3889 and pTip-Psed_3890, 8 g and 7 g of protein of each, respectively; (iv) pTip-QC2, 10 g of protein; (v) buffer control. CO 2 production was determined by GC-PDD, and glyoxylate consumption and glycerate production were determined by HPLC (see below).
Growth with 1,4-[U-13 C]dioxane. A series of strain CB1190 cultures was prepared with 1,4-[U-
13 C]dioxane (99% pure; Sigma-Aldrich). Single serum bottles (160 ml; Wheaton Science Products, Millville, NJ) with black butyl rubber stoppers and containing 30 ml of AMS medium were amended with 1.6 mM [
13 C]dioxane, or 1.6 mM [ 13 C]dioxane plus 3% CO 2 . These bottles were inoculated with 0.1 ml (1/300 dilution) of [
13 C]dioxane-grown strain CB1190 culture and were incubated at 30°C with shaking at 150 rpm. Following complete removal of the dioxane, cells (0.1 ml) from each treatment were transferred to fresh triplicate bottles with the same amendments and were incubated with shaking until dioxane removal was complete. Cells were then harvested by filtration, scraped from the filter, and stored at Ϫ80°C in 2-ml screw-top vials until isotopomer amino acid analysis.
Analytical methods. Pyruvate, glycolate, and glyoxylate consumption and glycerate production were monitored with a Waters (Milford, MA) model 2695 HPLC equipped with a model 2996 photodiode array detector and an Amidex HPX-87H column (Bio-Rad, Hercules, CA). Samples (50 l) were analyzed isocratically with 5 mM H 2 SO 4 at a flow rate of 0.6 ml/min, and the column was maintained at 30°C. Dioxane consumption was monitored by direct injection of 5-l samples onto a Varian 3400 GC equipped with a flame ionization detector (FID) and a 1% AT-1000 on carbograph 1-packed column (Grace, Columbia, MD). Samples were analyzed isothermally at 170°C, and the injector and detector temperatures were 230°C and 250°C, respectively. CO 2 production in cell extracts was determined by injecting headspace samples (2 ml) onto a HP 6890 GC equipped for PDD, a 1.5-m Hayesep-DB 100/120 precolumn, and a 2-m Hayesep-DB 120/140 column. The oven temperature was maintained at 90°C. The flow rate of helium carrier gas was set at 10 ml/min.
The preparation and isotopomeric analysis of proteinogenic amino acids were performed as previously described (33, 44) . In brief, biomass was hydrolyzed in 6 M HCl at 100°C for 24 h. During the hydrolysis, tryptophan and cysteine are degraded, while asparagine and glutamine are converted into aspartate and glutamate, respectively. The amino acid solution was dried under air flush overnight. Amino acid samples were derivatized in tetrahydrofuran (THF) Microarray data accession number. Details of the microarray design, transcriptomic experimental design, and transcriptomic data have been deposited in the NCBI Gene Expression Omnibus (GEO; http://www.ncbi .nlm.nih.gov/geo/) and are accessible through GEO Series accession number GSE33197.
RESULTS AND DISCUSSION
In silico analysis of dioxane degradation pathway genes. The pathway for dioxane degradation that was proposed by Mahendra et al. (24) (Fig. 1, black arrows) was the starting point for this study. We searched the literature for descriptions of enzymatic activities catalyzing the proposed dioxane metabolic transformations and used the amino acid sequence of characterized enzymes to identify homologues in the strain CB1190 genome sequence (See Table S2 in the supplemental material) using blastp (2) .
Dioxane degradation is initiated by the activity of a monooxygenase (23, 48) . The strain CB1190 genome carries eight bacterial multicomponent monooxygenase gene clusters, seven of which are carried on the chromosome and one that is on plasmid pPSED02 (38) .
The transformation of the initial hydroxylated dioxane metabolite is proposed to involve spontaneous ether cleavage and/or aldehyde/carboxylic acid and/or secondary alcohol/ketone conversions (24 ϩ -dependent oxidation of aldehydes to carboxylic acids. Eleven of these genes are located on the chromosome, while the remaining two are on plasmid pPSED02 (see Table S2 in the supplemental material). Three genes encoding proteins with 29 to 36% amino acid identity to a secondary alcohol dehydrogenase (accession number CAD36475) of the actinomycete Rhodococcus ruber are on the chromosome; this enzyme catalyzes the NAD ϩ -dependent transformation of secondary alcohols to ketones (23, 48) .
The second proposed hydroxylation reaction generating single ether-containing 2-hydroxyethoxy-2-hydroxyacetic acid or 1,2-dihydroxyethoxyacetic acid has also been postulated to be catalyzed by a monooxygenase (24) (Fig. 1) .
The subsequent cleavage of the second ether bond leads to the production of two-carbon intermediates, of which glyoxal, ethylene glycol, glycoaldehyde, glycolate, glyoxylate, and oxalate have been identified (24) . The strain CB1190 genome has three genes encoding proteins with 27 to 34% amino acid identity to E. coli 1,2-propanediol oxidoreductase (accession number AP_003365), which transforms ethylene glycol to glycoaldehyde (10) . Glycoaldehyde is transformed to glycolate by aldehyde dehydrogenases (see above), while glycolate is converted to glyoxylate by glycolate oxidase (18) . In E. coli, glycolate oxidase is encoded by glcDEF (31); strain CB1190 has two adjacent homologues, glcD1E1F1 and glcD2E2F2 (Fig. 2) . These homologues share 72%, 47%, and 64% amino acid identity for GlcD, GlcE, and GlcF, respectively.
Mahendra et al. (24) proposed that glyoxal is transformed to glyoxylate, and although this enzymatic activity has not been previously described in the literature, the numerous aldehyde dehydrogenases encoded in the strain CB1190 genome could potentially catalyze this reaction. Alternatively, genes encoding aldehyde reductase homologues (E. coli YqhD [accession number Q46856] and Bacillus subtilis YvgN [accession number O32210]) that catalyze the transformation of glyoxal to glycoaldehyde were identified. Furthermore, in E. coli the glyoxalase I/II system, encoded by the genes gloA and gloB, uses S-glutathione to transform glyoxal to glycolate (47); however, no homologous genes were identified in the strain CB1190 genome.
Since glyoxylate has been identified as a metabolite of dioxane (24, 27) , we examined the strain CB1190 genome for genes involved in known glyoxylate assimilation pathways. Strain CB1190 has a cluster of genes (Fig. 2) homologous to those encoding the glyoxylate carboligase pathway that converts glyoxylate through tartronate semialdehyde and glycerate to phosphoglycerate in order to provide both carbon and energy for growth in E. coli (20) . Strain CB1190 also has a gene (Psed_4782) that encodes malate synthase G, which in E. coli (and in strain CB1190) (Fig. 2) is linked to the locus encoding glycolate oxidase and which assimilates glyoxylate directly into the tricarboxylic acid cycle (TCA) cycle via malate (19, 26) . Malate synthase G is nonessential for the growth of E. coli on glyoxylate and is therefore considered to play an anaplerotic role (29) .
While the transformation of glyoxylate to oxalate has been reported in Pseudomonas fluorescens (40) , the gene sequence for the enzyme catalyzing this reaction has not yet been determined in bacteria. Finally, aerobic bacterial growth on oxalate was shown to be dependent on the oxalate decarboxylase OxdC, which converts oxalate to formate (45) . However, the strain CB1190 genome lacks a homologue for this enzyme.
Gene expression during growth on dioxane, glycolate, and pyruvate. We used gene expression microarrays targeting the strain CB1190 genome to determine the genes that are differentially regulated during growth on dioxane or glycolate relative to growth on pyruvate. The expression of 383 genes differed significantly; 97 genes were upregulated with dioxane relative to the pyruvate control, whereas 286 genes were downregulated (see Table S3 in the supplemental material). When strain CB1190 was grown with glycolate, the expression of 506 genes differed significantly relative to pyruvate-grown cells, with 203 genes upregulated and 303 genes downregulated (see Table S4 ). A comparison of genes differentially regulated with either dioxane or glycolate relative to pyruvate identified 36 genes that were upregulated with both substrates, whereas 121 genes were downregulated with both substrates. Table 1 provides a list of genes that were upregulated with dioxane alone or with both dioxane and glycolate.
The replicon locations of the dioxane-and glycolate-induced genes were examined. For dioxane-grown cells, 27 and 17 genes were induced from plasmids pPSED01 and pPSED02, respectively, with the remaining induced genes on the chromosome. For glycolate-grown cells, 15 induced genes were from plasmid pPSED01, while the rest were on the chromosome; no genes were induced from plasmid pPSED02.
Sixty-one genes were upregulated with dioxane but not with glycolate, relative to pyruvate (Table 1) . Of these genes, 21 were from plasmid pPSED01, while 17 genes were from plasmid pPSED02. Of the dioxane-induced plasmid pPSED01 genes, 14 of these encode hypothetical proteins.
Upregulation of a multicomponent monooxygenase gene cluster during dioxane metabolism. While the strain CB1190 genome encodes eight monooxygenase gene clusters, microarray analysis of dioxane-induced transcription revealed that only the plasmid pPSED02-encoded monooxygenase cluster was upregulated compared with growth with pyruvate ( Table 1) . Upregulation of this cluster was verified with qRT-PCR using primers targeting Psed_6976, encoding a homologue of THF monooxygenase ␣-subunit (Table 2) . Three chromosomally encoded monooxygenase gene clusters were missing from the microarray, so their potential involvement in dioxane metabolism was tested using qRT-PCR with primers targeting the genes encoding the ␣-subunits. As Table 2 shows, no significant differential transcription was observed for these three monooxygenase genes (Psed_0629, Psed_0768, and Psed_0815) in cDNA from dioxane-, glycolate-, or pyruvate-grown cells.
The dioxane-induced, plasmid pPSED02-borne monooxygenase gene cluster is homologous to the thm gene cluster involved in THF utilization in Pseudonocardia tetrahydrofuranoxydans strain K1 (46) . This gene cluster has also been identified in DNA extracted from Pseudonocardia strain ENV478 (25) , and in both strains K1 and ENV478 growth with THF induces transcription of genes in this cluster (25, 46) . Although strains K1 and ENV478 degrade dioxane cometabolically when induced with THF (23, 48) , the published results did not directly link the THF-induced monooxygenase gene cluster to biochemical dioxane transformation activity. However, the upregulation of the homologous thm monooxygenase gene cluster in strain CB1190 during dioxane metabolism reported here supports the involvement of the thm monooxygenase gene clusters in dioxane degradation in strain K1 and ENV478.
Genes potentially contributing to transformation of C 4 dioxane metabolites. After the initial monooxygenase-catalyzed hydroxylation, the C 4 dioxane metabolites undergo a series of transformations that ultimately yield two C 2 compounds (Fig. 1) . The set of genes on plasmid pPSED02 that are induced by dioxane but not by glycolate could potentially be involved in these transformations ( Table 1 ). The operon containing the thm monooxygenaseencoding gene cluster also includes genes encoding two aldehyde dehydrogenases (Psed_6975 and Psed_6981), and upstream of the monooxygenase cluster and in the reverse orientation is an upregulated gene cluster encoding an alcohol dehydrogenase and a FAD/FMN-dependent dehydrogenase, as well as a transcriptional regulator (Psed_6970 -6972). Dioxane-dependent upregulation of these genes was verified by qRT-PCR ( Table 2 ). The aldehydecarboxylic acid conversion of C 4 dioxane metabolites could be Table S2 in the supplemental material) were specifically upregulated with dioxane. The alcohol dehydrogenase-encoding Psed_6971 or constitutively expressed secondary alcohol dehydrogenases (not identified in the differential transcription analyses reported here) could be involved in this reaction. We are currently cloning the upregulated dehydrogenases and reductases to functionally test their role in the transformation of C 4 dioxane metabolites. The dioxane metabolic pathway also requires a second hydroxylation and two ether cleavage steps. Ether cleavage may occur spontaneously following hydroxylation, or it may occur enzymatically (51) . A heterogeneous group of ether-cleaving enzymes have been identified (reviewed in reference 51), and an ether bond-cleaving diglycolic acid dehydrogenase has been purified from P. tetrahydrofuranoxydans strain K1 (54) . However, genomic and transcriptomic analyses of dioxane metabolism did not identify such enzymes in strain CB1190.
Genes potentially contributing to transformation of C 2 dioxane metabolites to glyoxylate. The plasmid pPSED02-borne putative aldehyde and alcohol dehydrogenases that were upregulated during growth on dioxane but not on glycolate could also contribute to the transformation of the dioxane metabolites glyoxal, glycoaldehyde, and ethylene glycol. In E. coli the aldehyde reductase YqhD catalyzes the NADPH-dependent reduction of glyoxal to glycoaldehyde (21) , while in Bacillus subtilis the nonhomologous YvgN catalyzes the same reaction (36) . The upregulated aldehyde dehydrogenase gene products share only low amino acid sequence Glycolate and glyoxylate metabolism-related genes identity with these proteins, but Psed_6975 has 35% identity to E. coli AldA, which catalyzes the NAD ϩ -dependent oxidation of glycoaldehyde to glycolate (13). Boronat et al. (7) identified an E. coli mutant that employed the activity of propanediol oxidoreductase (fucO [10] ) to transform ethylene glycol to glycoaldehyde, which was further transformed to glycolate. The putative alcohol dehydrogenase Psed_6971 that was upregulated with dioxane shares 42% amino acid similarity to E. coli 1,2-propanediol oxidoreductase, so the gene product may catalyze the conversion of ethylene glycol to glycoaldehyde during dioxane metabolism. It should be noted that the product of the glycolate-and dioxane-induced alcohol dehydrogenase gene Psed_6782 has similar amino acid identity to E. coli propanediol oxidoreductase although its role in glycolate metabolism is not clear.
The set of genes upregulated with both dioxane and glycolate relative to pyruvate included the putative glycolate oxidase-encoding chromosomal gene cluster glcD2E2F2 (Psed_4788 -4790) ( Table 1 ). In contrast, the adjacent homologous glcD1E1F1 gene cluster was not upregulated with either dioxane or glycolate. This lack of upregulation was confirmed with qRT-PCR (Table 2) . Therefore, the enzyme encoded by glcD2E2F2 likely catalyzes the transformation of glycolate to glyoxylate (31) . In E. coli, genes for malate synthase G (glcB) and glcDEF are proximal, oriented in the same direction, and are cotranscribed during growth with glycolate (32) . While glcB (Psed_4782) and glcD2E2F2 are in close proximity in strain CB1190, they have opposing orientation and are separated by the homologous but nonidentical glcD1E1F1 (Psed_4783-4785) cluster that was not upregulated during growth with either dioxane or glycolate (Fig. 2) . Between glcD2E2F2 and glcD1E1F1 is a gene (Psed_4787) encoding a putative GntR family transcriptional regulator, which may be involved in regulation of this glycolate oxidase homologue.
Glyoxylate metabolism during dioxane degradation by strain CB1190. Genes encoding two divergent routes for glyoxylate assimilation were upregulated with both dioxane and glycolate, as determined by microarray analysis. The first route was through the glcB-encoded malate synthase G (Psed_4782) ( Table 1) although qRT-PCR did not confirm this upregulation ( Table 2 ). The upregulated gene cluster encoding glyoxylate carboligase, tartronate semialdehyde reductase, hydroxypyruvate isomerase, and glycerate kinase (Psed_3888 -3891) (Fig. 2) represents the second route for glyoxylate assimilation. The upregulation of three genes from this cluster was verified by qRT-PCR (Table 1) .
These transcriptional results point to glyoxylate, rather than oxalate (Fig. 1) , as the key intermediate in the assimilation of carbon into central metabolism during dioxane degradation by strain CB1190. In the glyoxylate carboligase pathway, two glyoxylate molecules are combined by glyoxylate carboligase, producing a C 3 compound that is eventually incorporated into glycolysis at phosphoglycerate (20) (Fig. 1 and 2 ). In the typical malate synthase G pathway, glyoxylate and acetyl-coenzyme A (CoA) are condensed to form malate, which is incorporated in the TCA cycle (19) (Fig. 1 and 2 ). As noted above, the glyoxylate carboligase pathway supports growth through carbon and energy conservation, whereas malate synthase G is involved in anaplerotic reactions but is not known to support growth in the absence of glyoxylate carboligase with glyoxylate as a sole substrate (29) . Therefore, the growth of strain CB1190 on dioxane is likely dependent on the glyoxylate carboligase pathway and is potentially enhanced by malate synthase G.
Since strain CB1190 can grow with dioxane, the bacterium must derive energy from the compound's transformation. The glyoxylate carboligase pathway represents a potential route to energy generation during dioxane metabolism via glyoxylate, so we sought to confirm the activity of this pathway in dioxane-grown cells. Glyoxylate carboligase (Gcl) activity (2 glyoxylate ¡ CO 2 ϩ tartronate semialdehyde) (Fig. 2 ) was tested in cell extracts prepared from strain CB1190 cells. As Fig. 3A shows, pregrowth on dioxane resulted in significantly greater consumption of glyoxylate than pregrowth on pyruvate. Glyoxylate disappearance was accompanied by a stoichiometric production of CO 2 , a specific product of the glyoxylate carboligase reaction. Heating of the dioxane cell extracts for 10 min at 80°C reduced CO 2 production to that observed with the buffer treatment (data not shown). No CO 2 was detected in dioxane cell extracts when glyoxylate was omitted.
To verify the putative roles of strain CB1190 genes in the dioxane-induced glyoxylate carboligase pathway, we cloned and over- expressed Psed_3890 (putative glyoxylate carboligase gene) and Psed_3889 (putative tartronate semialdehyde reductase gene) (Fig. 2) in Rhodococcus jostii strain RHA1 using the thiostreptoninducible plasmid pTip-QC2 (28) . As expected, glyoxylate was consumed and CO 2 was produced only in cell extracts from Psed_3890-expressing strain RHA1 or when these extracts were mixed with extracts from Psed_3889-expressing RHA1 (Fig. 3B) . The mixture of cell extracts from RHA1/pTip-Psed_3890 and RHA1/pTip-Psed_3889 also produced a small amount of glycerate (0.71 Ϯ 0.23 mol per vial). No glycerate was produced with cell extracts from either construct alone or with cell extracts from strain RHA1 with empty pTip-QC2. The amount of glycerate detected with the mix of RHA1/pTip-Psed_3890 and RHA1/pTipPsed_3889 cell extracts represented ϳ7% of that expected if tartronate semialdehyde was stoichiometrically transformed to glycerate (Fig. 2) as a dead-end product. Tartronate semialdehyde was not detectable with the HPLC method used, so it is unclear whether the small amount of glycerate detected was due to only a minor transformation of tartronate semialdehyde or to the further transformation of the generated glycerate to unspecified products. Regardless, these results support the annotation of Psed_3890 as a glyoxylate carboligase gene and Psed_3889 as a tartronate semialdehyde reductase gene.
Amino acid isotopomer analysis to identify routes for dioxane carbon assimilation. The glyoxylate carboligase pathway ultimately leads to the assimilation of carbon as three-carbon metabolites in glycolysis in the form of 3-phosphoglycerate and later pyruvate (12) . In order to obtain further support for the hypothesis that carbon from dioxane enters central metabolism via the glyoxylate carboligase pathway as three-carbon compounds, we performed isotopomer amino acid analysis with 13 Table S5 in the supplemental material), which confirmed, as expected, that strain CB1190 can directly use dioxane as a sole carbon source.
Pyruvate-derived alanine, valine, phenylalanine, and tyrosine were predominantly 13 C-labeled when strain CB1190 was grown with [ 13 C]dioxane as the sole carbon source (see Table S5 in the supplemental material), and the addition of elevated unlabeled CO 2 did not affect these labeling patterns (see Table S6 ). These results are in contrast to aspartate, threonine, serine, and glycine; for these, a small proportion of unlabeled carbon was integrated when the cells were grown with [ 13 C]dioxane as the sole carbon source, and this proportion increased greatly when strain CB1190 was grown with [
13 C]dioxane and elevated unlabeled CO 2 . These results indicate that carbon from CO 2 was assimilated during the synthesis of these amino acids (Fig. 4) .
For the oxaloacetate-derived aspartate and threonine, the unlabeled carbon was present at a non-first-carbon position (see M-159 results in Tables S5 and S6 in the supplemental material) under both experimental conditions. These results indicate that the anaplerotic pathway transforming either phosphoenolpyru- vate (PEP) or pyruvate to oxaloacetate through the addition of CO 2 (17, 53) was active during dioxane metabolism (Fig. 4) . Strain CB1190 has homologous genes for both PEP carboxylase (Psed_6164) and pyruvate carboxylase (Psed_3032), which catalyze these anaplerotic reactions. The enzyme that catalyzes the reverse of the PEP-utilizing process, PEP carboxykinase, is putatively encoded by Psed_6619, and this gene was downregulated during growth with both dioxane and glycolate, relative to pyruvate (see Tables S3 and S4 ). Taken together, these results indicate that with dioxane, carbon flows predominantly from the direction of PEP toward the TCA cycle and support the proposed role of the three-carbon compound-generating glyoxylate carboligase pathway in dioxane metabolism. In contrast, when grown with pyruvate, strain CB1190 needs to generate PEP and further gluconeogenic compounds necessary for amino acid synthesis, which explains the relative upregulation of the gene (Psed_6619) encoding the PEP-generating PEP carboxykinase.
The inconsistency between the labeling patterns of 3-phosphoglycerate-derived serine and glycine and pyruvate-derived alanine, valine, phenylalanine, and tyrosine is noteworthy since 3-phosphoglycerate is a precursor of pyruvate in glycolysis. An explanation for this inconsistency is an alternative pathway of serine and glycine biosynthesis, specifically, by the reverse activity of the glycine cleavage system (GCS). The GCS converts glycine and tetrahydrofolate to CO 2 , NH 3 , and methylene-tetrahydrofolate (35) , and it is putatively encoded by the strain CB1190 genome (37) . The GCS is reversible (16) , and reverse GCS activity in the presence of elevated unlabeled CO 2 would result in increased unlabeled carbon in the glycine pool and, consequently, in the serine pool as well (Fig. 4) . Thus, during dioxane metabolism, it is possible that serine and glycine are synthesized from both the glyoxylate carboligase pathway via 3-phosphoglycerate and the reverse GCS.
Glyoxylate could contribute to the serine pool in yet another way. The strain CB1190 glyoxylate carboligase cluster has a gene (hyi) for hydroxypyruvate isomerase, which catalyzes the isomerization of hydroxypyruvate to tartronate semialdehyde (3) and which is upregulated in strain CB1190 during growth with dioxane (Tables 1 and 2 ). Hydroxypyruvate can be used as a precursor for serine biosynthesis by the activity of transaminases (39) . However, no genes with significant homology to known amino acidglyoxylate aminotransferase or amino acid-hydroxypyruvate transaminase genes were upregulated in strain CB1190 during growth with dioxane or glycolate, so the role of hydroxypyruvate isomerase in dioxane metabolism remains unclear.
Energy generation in strain CB1190 dioxane metabolism. Based on the current work, we present an updated proposed dioxane degradation pathway for strain CB1190, linking dioxane metabolites to central metabolism (Fig. 1) . The ability of strain CB1190 to grow on dioxane necessitates energy generation, and the employment of the glyoxylate carboligase pathway during dioxane degradation conceptually provides the basis for energy production since this pathway results in the pyruvate precursors that can then be metabolized to yield NADH and ATP (20) . An analysis (see Table S7 in the supplemental material) of the reducing equivalents consumed or produced in the individual steps proposed for dioxane metabolism in Fig. 1 reveals a maximum net yield of 6 mol NADH and 1 mol GTP per mol dioxane. Assuming an equivalence of 3 mol NADH per mol ATP, this means the theoretical maximum yield of ATP generated per dioxane is 19. Mahendra and Alvarez-Cohen (23) previously reported a yield of 0.09 g of protein per g of dioxane for strain CB1190, so assuming that protein constitutes 50% of dry cell weight and integrating this cell yield with the theoretical maximum yield of ATP from dioxane, this results in a yield coefficient of ATP (Y ATP ) (4) of 0.83 g of dry cell weight per mol of ATP. In comparison, Lactobacillus casei growing with glucose (34) and Actinomyces strains growing with lactate (49) had Y ATP values of 24 and 10 g of dry cell weight per mol of ATP, respectively.
This work represents the first insights into the genetic basis for microbial dioxane metabolism and provides a more complete picture of the pathway leading to carbon assimilation and energy generation during growth on dioxane. It will be useful to determine if dioxane supports growth through a similar pathway in the other reported dioxane-metabolizing microorganisms, including Pseudonocardia benzenivorans strain B5 (23), Mycobacterium sp. PH-06 (15), C. sinensis (27) , and Rhodococcus ruber strain 219 (5) .
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